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SECTION I

INTRODUCTION

I he tchar ' e-trainsfer transversal filter with split-electrode weighting is well recogniied as a useful tool
liInumher of sampled-data filtering applications.' However, these devices are limited to dedicated

ilphaions since their ss cighting coefficients are fixed during IC fahrication. For applications that require
ripidf updaing, of the ss cighting coefficients. such as adaptive filtering and matched filtering in spread
spcrirum Comml i i catlonl systemls, at device with electronically programmable tap weights is essential.
()1 the present progrimmlahle techniques, the most attractive for these types of applications is the binarN

t he ohlectise oft this program is to design, fabricate and evaluate a general-purpose, 1.024-stage.
eieciromc~ill , programmnable binarN analog transversal filter. The device is implemented in CCD/NMOS
tech nlolog% anrd features program mahility of the reference signal, the filter length and weighting coefficient
resoluion0. Off-chip circuitrN is minimized by incorporating both analog and digital support circuitry. such

cl ock logric. dris ers. amplifiers and microprocessor interface circuitry, on-chip. This results in a
mionolithic alnalog, signal processing system that has the flexibility to be operated in nine programmable
contiteurations. fromi 1.024-stages by I-bit, to 128-stages by 8-bits. The versatility of the device makes it
su]itable for a ss ide range of' applications. from matched filtering with chirp signals and long binary
sequences. ito mnave correlation and programmable filtering.

Section I oft this report describes the operation of the binary'analog transveral filter and the archi-
tc:ture requI~ired ito realiie i genieralI-purpose device. Section II contains a technical discussion of the key
circuits lor implementing the programmable filter. In Section Ill. the performance characteristics of the
de\ ice airc discussed. rhe report concludes with a summary and discussion in Section IV.

1) ss B IN, ) R I 1lti11s. \\ 11 Baile\ anld ( R keeses, "Transsersal Filtering Using Charge-Transfer Devices."
I I -i / io it, ; 01 :,it, %A S( -8 I \pril 11)71). pp 138-146.

1) WIiertir. \\I I nieler. WlS (iuldherg. C."ll Puckeite and JJ. Tiemnann, "The Design and Operation of
P[ 1 IdrL!C- I ririsler I riiiN~ rsjl I hlers." ilI / I.1 .'.d-0lalc ( ir~ uot Vol. S( -11 lFehruar\ 1976). pp, 65-74

R \\ r 'Ilctis. ( R Ille%%es and 1) 1) Buss. "A 5l(-Stage (CI) Transversal Filter for Spectral Analksis. I/I:

(R Ic"C.R \% Broferscrr jtil 1) I) Buss, "Applications of (CI) and SwAitched Capacitor Filter Technolngs.
I~. II \,,I 67 1 ther 19-')i. prp 14(11...1415
P' \ii 'I, Sn itcv rmed \ iiiog ( orrelatur t sinrg ( harge-Coupled te~ese 1'r,, //J~1 [I/.S( 1 f976). pp

'1' it )ciiscr. .1 \Liu~or inid .1 \'t \rihur. "M1iniature Programmahle Transsersal Filter U. sing (CD) MOS Technol.
'C! I .. I / S 6"7 )ccnher I .pp 42-SI)

I icinii . \\ I I it ' ver. R 1) Baerisch. "A Surfac-Charge ( orrelator. I.I:I. .So/0lc.mu ( tih o \ of.
M( -10 D c~crnhcr Ii, pl, 401 -41)'

'Ii I ~h. ItI "C. II Pridgen and S ( siUnroe. "Analog-Binars (A) Correlator: A VL.SI Signal Pro-
'~r I/II 51 Sit iit \Pr Vol M( -14 (A\pril 1919), pp. 519-525

'I ,tvliill. 1) M. (uieo. R 11 lDsck and P.('. (hen. "Cha rge-C-ou pled Device Pseudo-Noise IMatched Filter
V- //ei I, Il I \of 67 I Jinuars 19'4) pp, 501-W(

11.1 SI V ~i. B I Burke. 1) 1 Sinithe. 1)1J Silversi-ith and R.W. Mountain. "A High Speed CCD DigitallN
Prc r nuiin.n,lc I r,mriscrsiI I der,"'1'r-hi Iti ,it m I IIppliamiti, ccI) 1979 I Fdinhurgh. Scotland). pp.

RWCX1isi PAMc ERg..NQ? FIUUMD



A. BINARY/ANALOG TRANSVERSAL FILTER OPERATION

I.ectronic programmability is achieved in the binary/analog approach by decomposing each one of
the %cighting coefficients into a binary representation that can be loaded into a static shift register. as
illustrated in Iigure I. For MI-hit accuracy of each weighting coefficient, M parallel CCD binary/analog
filiers are required, so that h,, is represented with M-bit accuracy by:

hi ht i (i1

I lic mot significant bit h, ' ,of each weighting coefficient is loaded into the static shift register, shovn as
clongated rectangles in the filter at the top of the figure. The second most significant bit h,,' of each coeffi-
clcnt i, loaded into the second coefficient store, and the least significant bit, h" ', is loaded into the
coefficient store shown at the bottom of the figure. 'Ihe analog signal must be weighted by the appropriate
factor of 2 " ' at either the input or output of each filter. In Figure I, the weighting is performed at the
input to the filters. "ith the analog signal applied without attenuation to the top filter (most significant
bit) mnd attenuated bx% a factor of two at the input of the second filter (second most significant bit). At the
input to the bottom filter (least significant bit), it is attenuated by a factor of 2" '

Ihe choice of whether input or output signal weighting is employed, or a mixture of both. depends

on the application. Input signal weighting is simpler to implement because capacitor ratio techniques can
he used, %hereas output weighting requires amplifiers with accurately controlled gain. However, output
Signal \%eighting is desirable in some applications because of a dynamic range limitation associated with
the input %%eighting configuration. For a general-purpose filter it is desirable to perform a mixture of both
Input and output weighting to strike a balance between dynamic range, the number of integrators
required. and logic simplicity. A more detailed discussion of output versus input signal weighting appears
In Appcnldi\ .\.

I he total weighting coefficient for any one of the M parallel CCD bits is determined by the sum of
the cocfficicnts in the NI parallel static shift register bits. Consequently, when the outputs of each filter are
,,u1mlCd together as shos, n in Figure I, the result is:

5, \ N

1 I 1 I + Ila 11
'=~ th _" 2 / ( 3)

il Il (3

Progr,mmnibilit, of the C('D weighting coefficients is achieved by using the coefficient code in the
,tiallr ,hill register to determine the relative timing of charge transfer in a four-phase CCD register. This is
dc,, .rhcd in detail Il Subsection I[C. In essence, the coefficient code in each of the static shift register
,cl,, dlcrii nes %%hen the charge in the corresponding CCD bit transfers to the electrode that is connected
I,, the itevrator I1 the charge is transferred early, the charge packet is sampled underneath the sense elec-
ir,,dc mid mtrihutles to the integrator output during that cycle. If the charge is transferred late, after the
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titile ,rator *.irip2i period Ia, fInished. the chiree does ntl conitrihute to the output. D~uring the sampling
perid hie IMilpili srIrilI is L!is eh,,

I it II

V desrihe thu fir. tile des ice can onix handle unipolar signals. I-or a signal of either sign to he
ii~cl it ii iut he isddcd to I Lit icro, ss hich also niproves the charge transfer efficienc\. The actual CC!)
11rp11,11 I CI). Q± Qt, arid thle Output from a single hiniary analog filter is given by:

Q , Qi jjI, Q":it i I .ii i (0)

I hic Iiit terri reprcesentsa code dependent offset and niust he eliminated. The second term is the desired
,lIlc~ I o cirrirrate the first terml a parallel filter must he added in which the input signal is inverted. i.e..
the iptt toI tice ,crind 1 ) hecomires Q~, -Q,,,, The output of the parallel filter is then given by:

Q, (if2Zl71t i l()i

h\teli t he I \k 0( oUtputs are connected to a differential current integrator MDCI), the undersired
terms .r eel. reCsult trig iili the I)( I output heing given hv:-

tinI Q, t ( fit i) (8)

I tie climiitiut ofI code dlependent ioffset is it primarNY requirement (of any programmahle filter. The
clic~it riiiitI itself as .i change in the output dc level wsith filter code, and can drastically reduce the

di10 iiir IrreII tile desIC ieUnless tire orffset is nianuallx compensated. In the approach descrihed here.
li t dset I, ilsk COritrihuited to h,, variations, hetween the sizes of the fat zeros and sampling electrodes in

III 1kh ccii + eC 'iid -ksc ( ( ) chaninels. The use of' plasma etching can restrict these local variations to
cs I t Lii I percri t result ing Ii ns orst case orffsets of < 100 m V (see Subsection Il 11.. F urthermore.

hie.AtS III cill uli plicuiroril the signal h\ the sweighting coefficients occurs in the CC'!) there is no fixed pat-
tern, riSe rcsriltirip trori trinsitrir mru~ltiplier threshold variations.

I tie .ilicilt features, ot tile hinar\ analog approach to programmable correlators are

)iiiciiit prorr~iriiahle f-ilters, lii shich h,. can he I oir 0.

pihiltt\ tI, cIpa id to WIhit accurac\ h\ comhining \4 binary anal og correlators, in parallel \ith
tie ippropriatc gmir i

tpihihtrto prrr-arr tire filters toi the desired length IN = 32. 64, 1 39, etc.) and to cascade filters
to ijIIIs e loireecr filter,,

\VIitItII ncrcifflicirnt aecuracs\ sufficient to give 8-hit resolution of weighting coefficients (i.e.,
si cietiiirv citfficicrit accuric\ of 0.2 percent. ', LSB).

Mni ii 'iori of itt-chip circuttrx. All clock drivers, amplifiers, static shift registers. etc.. can he on-



.ip,01iIt o use a m icroprocessor to read data out of memory into the code registers.

I Iinination of the code-dependent output dc level prohlem. A code- independentI dc level is essential
tYr spread spectrumn and .C.M applications.

B. ARCHITECTURE OF THE GENERAL-PURPOSE TRANSVERSAL FILTER

I he ir,:hitct tire ol the general-purpose electronicall programmable I .024-stage hinar% analog
I iiix,\ erxil filter- is shoss n tin the simplified block diagram of Figure 2. The architecture is arranged so that
lie 1.024- xt.,c de% ic is tolded inito eight I 28-stage sections sv ith the output of each section fed h% a unit%

,.wimphtlicr io the Iniput orl the next 1 28-stage device. This provides a convenient point to insert an
It IIon t lip 011i,11i. toL'ethe. ssith the necessary lovic for selecting the filter configuration desired

10Icme\ %C murtIiIII-niht Ickc1Jrac\, some ot the signal Aeighting is performed at the input and someC at
Ic ~~ ;' Itlie reel .iiIc, ibteled X I and X . indicate that the input signal is passed A~ith unit% gain aind
it) -C1C 11ncrill .e e fton lie Iinput selection sss itches to the filters determine Ah ether the attenuated or

Lil cn..te l 1e 11 11pIrlIed to the filter input The remainder of the signal weighting is performed at the

In hC tuV-ILtin1! OLipa,11ix the filters (output at the top of' each filter) gio to the differential current
.:tlix,1 AId siLIM1iiiiC amlilfiers labeled _' Bs summing the outputs in pairs. the number of D(_I

!iili er uatred ix . it% four. the w) I otptuts are sunmted through tss o s%%sitched, Aseighted summation
111,t. ter ie thle iii ide ot operation.

I II'1w ilciahillit of the architecture chosen to realtie the general-purpose transversal filter chip is
J1,ticN, ht it p11 ossibfle iperating con figurations described belowk and surnmartied in Table 1.

II ti, 'I, e. 1i1 li ;I 1tpu ix apled to I ), and the output is taken from V'5 () The inputs to each
Wicr ir ,,ktiii t lie 1o)s er position so that the serial output fronm the preceding filter is applied to the

111 tic 11C, )[xIt the outputs ill select the unt1t\ gain amplifiers.

i !iok ic tit peritiott. the input is applied to V5 (I . and the output is taken from V5 "7). The
ji . 'ipjii: to filter 1. midt V., input is applied to filter 2. The inputs of' all other filters are

! Ic!I ?11C tCic tietuiteil suc thtteuateitd( signal passes from filter to ilter 3 to filte ofltrX h
'cl i ic ~c Lifi elostltucthat th untened signal passes from filter to filter to fil-e ofltrS h

* p'ii'-' c -c.111 ett o I le units v'ain settinig and summed to provide the output ait \'5 71.

Ir Il 111 X-hit titles 11se output amplifier settings at other than unit\ gain. The connec-
* i tiii ideit iperition ire Illustrated tin Iigure 2. The same input is applied to both V"(1) and

1, ie Pit tol loir ilters periormt , 256(-stage h - 2-bit convolution ss ith the most significant bit M SB)
iilie )I* ,' Il 10TiilieJill hit I'Sli). and the bottom four filters perform a 256-stage b\ 2-bit convolution

h le :III'- t iitiketit hit i ;SBH and the least significant hit li-SBI The outputs V '(5) and V"*.i0) are
iter simwiicif -ocilicr %\ioh k " (0t being summned through the X, amplifier to provide the 4-bit weighted
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I %HIl 1" . FII IVR (()\ll(ll %N %,lIL%,H\.11 I.I" %%flill flilt i,ii24-1,l %(.F
(;INIR L-I't RI()SE PRO(IRlIN1ARI I RANs [RM1 I %Il I 1R

lode ( ode
Filter % eighting Number of

(onfiguration (oefficients Filters i )ev ' I ( I)

1.024-stage hv I hit +I.0 I I 0 
5I2-stage by 2 bits +1. 0 - , -2 0 I 0 t
256-stage h.% 4 hits +7 to -9 I I I 0 0
I2's-tagehN , hits + 127 to -128 I 0 0 I 0
512-stage hs I bit +1.0 2 1 0 0
256-stage hs 2 hits +1. 0, -1, -2 2 0 I I 0
128-stage hs, 4 hits +7 to -8 2 I I I 0
256-stage hv I hit + 1. 0 4 0 0 0 I
I28-stage b, 2 hits +1. 0, -I. -2 4 I 0 0 I

d 12'-.'S t''e hi" S Bits

In this mode of operation, the input is applied simultaneously to V'(I), V"(2). V'"(3), and V'"(4).
The top four filters perform a 128-stage by 4-bit convolution with the MSB. 2SB, 3SB, and 4SB: the bot-
tom four filters perform a 128-stage by 4-bit convolution with the 5SB, 6SB, 7SB. and LSB. The output
Vs" (6 ) is then summed through the X/!, amplifier, together with V""(51, to provide the 8-bit convolution
at V'"(7).

2. Dual Mode

a 5/12-.t'cei h/ Bit

In this mode, the two inputs are applied to V'( I) and V'"(3), and the outputs are taken from V"(5)
and V""(6). Operation is similar to the 1,024-stage by I bit, except that the switch at the input to the fifth
filter is in the upper position so that V"(3) is applied to the input. The outputs V""(5) and V''(6) are
taken separately instead of being summed to give Vu(7).

h 256-Sta'' hi 2 Bit

In this mode. operation is similar to the 512-stage by 2-bit mode, except that inputs are made at
V ( I) and V"(3), and outputs are taken at V"'(5) and V""'(6).

12-.Stage• hi 4 Bits

In this mode of operation, the top four filters perform one 128-stage by 4-bit convolution and the
bottom four perform another. Input I is applied simultaneously to V'"(I) and V'"(2). and input 2 is
applied simultaneously to V"'(3) and V'"(4). V"'(2) and V""'(4) are summed through the X'/, amplifier to
V"'fI) and V"u(3) to provide the two outputs at V" u(5) and V""'(6).

II



3. Quad %lode

0 256-.Ste h'i I lilt

In this mode. the four inputs are applied to '"'( I). V."(2). V-(3). and V'(4): and the four outputs
arc taken at % .IL V' (2). V" (3). and V'(4). Filters I. 3. 5, and 7 select the X1 input (upper position):
and filter, 2. 4. 6. and X select the output from the previous filter (lower position).

I !'-.Sw~r I -, H~it%

In this mode. the pairs of filters operate separately. Inputs are made at V I). V '(2). V ( t). and
\ '(4. outputs are taken at \""t( I). V'(2), V "'(3). and V ''(4).

C. CONSTITUENT CELLS

I he architecture of the general-purpose binary'analog transversal filter can be broken doA n into the
iho ,,i,. principal on-chip cells.

NICteen I2,-St.aC (our-phase (D_1)s.

I ight Ix-hilt static binary shift registers for storing the reference signal.

Sss itchinv cicuitr\ for selecting the filter configuration and operating mode: either single. dual or
quitd

Scaling circutr, for providing the X 1, Xl and XI 2, X' 2 analog signal inputs.

I ourteen unit, gain charge amplifiers (CVAMPs) for linking the output of one 128-stage C(I) to
the input of the next.

So en I)( Is summing amplifiers.

M.licroprocessor interface circuitry for loading the reference signal from memory into the static shift
re lsters

lock generation and drive circuits.

12



SECTION II

GENERAL-PURPOSE TRANSVERSAL FILTER DESIGN

A. FILTER LENGTH, WEIGHTING COEFFICIENT RESOLUTION AND MODE
SELECTION CIRCUITRY

1, C, ternall\ ,elect an\ one of the nine filter configurations, a 4-bit input word is required that,
therchrc. ncssitatI, an on-chip 4-bit to nine-line decode circuit. Table I sh-,s the input word required
t,, clc t i\ inc of the nine filter configurations. The outputs from the decode circuitry are fed to the

mu 1m And output s%% tches. SI to SIO in Figure 2. The filter configuration can he selected manually or. for
,tpphictti,,, that reqLure rapid change, by microprocessor.

In iddition to the s%itching circuitry for selecting the length and weighting coefficient resolution of
the filter,. ipuit and output mode switches are required to interconnect the various inputs and outputs for
the ,iielc. dual. and quad modes of operation. This results in four analog input and output lines. On-chip

isc , a,, included to invert the input signal to the MSB whenever a multi-bit resolution filter mode :s
,clcCtCd I hi, cnables positive and negative weighting coefficients to be realized when 2's complement
irithi t.ic 1 tL d

B. ANALOG INPUT SIGNAL SCALING AND INVERSION

In the block diagram of 1-igure 2, the scaling circuitry located ahead of the correlators generates Xl
ind V., ,cr',,on kof the input signal. Since each I28-stage by I-bit Fiher actually comprises a differential
hainncl. the sciling circuimtr must also provide-T and", signals. To match the signal gains to X bits, a
11-tllt u,,iw i capacitor ratio technique is employed. This circuit, together with the controlling

\ \ tk~orjni . I, ,ho ,ii tin I iclre 3.

Ithe ,011t110L1, t11C analog input signal is converted to a sampled data signal by the sample-and-
hi,,ld :iruLitr\ Of %II 11d (I The holding capacitor is buffered from the load by a unity gain operational
.itiplItticr h ,%11i C oUItput is connected to the inverting and scaling circuitry. The input signal and its comple-
meint ire., ecitroted h' the action of the swsitches M2 to M5. These signals are scaled by the identical

1,1010,r, ( 2 .id ( t. the ,caling ratio being independent of stray capacitance. When the bottom plate of
, ,ircd !,, L!round. the signal generated is half that compared %kith when C2 and C3 are wired in

p.,et. tkI 11c n',m )t the posit e and negative channels is closely matched by ensuring symmetrical layout
tnd iiitr,,, tiie i ii c. hut equal. ,iraN capacitance. *his is accomplished by using the first layer of

p Is,,l it.i,, .,r ihc t,,p plate o0 ( 3 and for the right plate of C2. The source followers act to buffer the
pal. i.e ciitc itdcs frmi the unequal loading of the input lines to the (CDs. A fat zero charge is

cui',. ' t t +', irtTi',itiii, the iput signal onto a bias proided by V .

C. PROGRAMMABLE WEIGHTING USING A FOUR-PHASE CCD

1'r, w ritit itiahtil \keighting is implemented by selectively controlling the time of charge transfer from
,,tC \.cll t'l the ilest I igure 4 shoss a section of a four-phase CCD, with plots of surface potential at
\.trtii, tinei, durii charge transfer, and the driving %%aveforms. The four-electrode CCD has two clocked

lcL rlc. ,, . ind n. mud i dc biased harrier electrode. ,', which serves to reduce clock feedthrough
imi ') the ,ense electrode,,, :,,. I he o,, electrodes are in common on the output summing bus. which is

tied to xi integrtor that maintains it at an intermediate dc bias level.
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At time t,. the charge packets are shared between the 4, and 02 electrodes. At time t2. the 0, clock is
turned off, leaving the charge under the 02 storage and control electrodes. At time ts, the 0P electrode
corresponding to q,, is turned off, thereby transferring qn under the sense electrode 0.. Meanwhile, other
charge packets such as q, + I (depending on the code in the digital shift register) have been left
unchanged, as those 0, electrodes have not been clocked to the off state. At time t,. the 0,2 electrodes that
%kere held on at t, are turned off, resulting in all the remaining charge packets being transferred to the 0.4
electrodes. The weighting on any one sample in the filter is therefore determined by how many of the M
parallel CCD charge packets were transferred to the 0, sampling electrodes at ts. If all M parallel bits
%ere transferred at t, the weighting coefficient would be I; if none. the weighting would be zero. Hence,
the output of the integrator between ts and t, is proportional to the sum of the charge packets that were
transferred because of the corresponding 02 electrodes being turned off. The integrator is reset between t,
And t,: then the cycle repeats.

Ihe scheme eliminates the requirement for conventional MOS multipliers, as multiplication of the
analog signal by the binary weighting coefficients occurs in the CCD. This eliminates a major source of
fised pattern noise associated with other approaches ' - 9 and should result in improved weighting coeffi-
cient resolution. As noted in Section 1. each section of the filter has two CCD channels that are operated
in parallel, both being controlled by the same digital shift register. The input signal and its complement
are applied to the two CCI) channels, while the output sense buses (04) are differentially summed by the
DCI. [hus, the bias charge, or fat zero, does not produce an output from the DCI, and there is no code
dependent offset.

D. DIGITAL SHIFT REGISTER AND MICROPROCESSOR INTERFACE

ligure 5 shows the circuit diagram of one stage of the static digital shift register, together with the
controlling and output waveforms. The shift register holds the reference signal/code that determines the
time of charge transfer from 02 to 04 and is operated by three nonoverlapping clocks A, O,, and i.. To
control .%hether the shift register is connected serially for loading or whether each bit is continuously
rccirculated within the same stage in the storage mode, 0,, is routed to the gate of either MI or M8. If a
digital I is loaded into the shift register stage, a long pulse, 0 2,., results, so that no sampling occurs under
the ., electrodc in the corresponding CCD cell. If the bit is a 0, a short pulse, (p2, occurs, with the result
thu the charge packet is sampled.

()pcration of' the digital shift register can be explained by letting the load/hold control circuitry
route the p, pulse to the gate of M I and letting the load input go high. When f, goes on, the input turns
%12 on. so that %hen o, turns off. the source of M3 discharges to ground through M2. The next event is
" hen ,. goes on: this sets the output of the shift register to zero and, hence, the corresponding CCD o2
electrode. W\hen 0, goes on. the gate of M5 is connected to the drain of M2 through M4 and is. there-
tore. set to 0. At the same time, the output of the shift register tracks 0, through M6. When '0A goes off,
the shil- register output is left floating high because M5 is turned off. Consequently, a long (h2 pulse is
gcnerated: onlx when ,/,, comes on will the output be reset to 0. Now let the control circuitry route the
next ,, pulse to the gate of hold transistor M8. When M8 is clocked, the high output of the shift register
Is routed to the gate of M2: thus. the previous cycle is repeated, resulting in the generation of another
IIm ,h pulse

If the input to 'A I had been a 0 rather than a I, then when p,, went off, the drain of M2 would have
hcc left floating high. fherefore, when 1, went on, the gate of M5 would have been set to I, resulting in
the source of %16 being discharged through M5 when 0, turned off. This would have caused a short 02

pulse to he generated
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Figure 6. Microprocessor Interface Circuitry

The circuitry of Figure 6 allows microprocessor loading of the shift register by routing the o pulse
to the load transistors whenever an asynchronous strobe pulse is received from the microprocessor. Dur-
ing clock cycles when no strobe pulses occur, i.e., the microprocessor is not ready to send new tap weight
data. the b, pulse is routed to the hold transistors, thereby recirculating the old data.

E. CHARGE TRANSFER BETWEEN CCD REGISTERS

The architecture of the general-purpose transversal filter requires the output of each 128-stage CCD
register to be folded back along its length to the input of the next stage. This constraint requires the out-
put charge of each CCD register to be converted to a voltage by a unity gain charge amplifier. The ampli-
ier output is fed to the input of the following CCD where a voltage-to-charge conversion is performed.
This conversion must result in the input charge packet being identical in size to the charge packet
transferred to the output of the preceding CCD. An additional constraint is that the transfer of charge
betwAeen CCI)s must take place during one clock period without the loss of a correlation sample. The
scheme described in the following subsections meets these requirements.

I. (locking Scheme

Figures 7a and 7b show the output and input sections of the CCDs with plots of surface potential at
various times during the charge transfer cycle. Figure 7c shows the waveforms required to control the
transfer of charge between the CCD registers.

At time t, all the clocks are off, and the charge packets are located under the sampling electrodes
04, At time t2 -. O. 02, and Q%2' are turned on; hence, charge is transferred to o, and p, or at the output o,
and 0,2'. At t3. 0, is turned off, thereby transferring all the charge to , or 0,'. At t., the input gate of the
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next CCD is turned on, and at t,, 0, is turned off. This transfers the charge packet n to the sampling elec-
trode (p, that is connected to the unity gain amplifier. The amplifier converts the charge under 0

.4A to a
voltage, which sets the input diode potential of the following CCD, and therefore, the amount of charge
that is stored under p",. The same clock driving 0", drives all the other 4h electrodes, but has indepen-
dent amplitude control, thereby allowing the fat zero reference level to be adjusted.

At t., the input gate is turned off. The CVAMP has between t, and t. to settle, which at a clock rate
of I M Hz is approximately 370 ns. At t,, 01 is turned on so that the charge packet that was located under
o., is dumped into the reverse-biased diode at the end of the CCD register. At the same time, the ,
clocks, including s2, are selectively turned off, depending on the reference code in the digital shift register.
and sampling under the first 0, electrode in each CCD is performed as normal. Figure 7b shows charge
packet n being sampled under the first q, electrode and charge packet n + I not being sampled. After
iN turned off, the CV.\MP. and hence the input diode potential. is reset.

I he clocking scheme results in the last cell of each 128-stage CCD being split between itself and the
adiacent (lD in the serial chain. Furthermore. the transfer scheme is inverting, which requires the out-
puts trom the differential CCD channels to be interchanged when they are connected to the inputs of the
tollom mi! (([) pair

2. ( harge-to-\ ollage Amplifier

-\ ke% part of the circuitry for successful transfer of charge between CCD shift-registers is a unity
charge amplifier. Since the general-purpose filter requires 14 such amplifiers, primary requirement',

,ire Ik power consumption and small silicon area. In addition, for operation at I MHz with a 3 V signai
,,s mc. the amplifier must settle to I percent in approximately 350 ns. High open loop gain is not required.
Aan\ in.iccuracs in the ciosed loop unit% gain mode can be compensated by adjustment of the feedback

\n \MOS amplifier circuit that fulfills the above requirements is shown with its characteristics in
I icure S I he amplifier is composed of a single differential gain stage and a differential to single-ended
,oilscrion stage [he feedback path between Ml and M8 also provides for improved common mode
rei ction Ihe oLtput is taken via a source-follower stage that is designed to drive a load capacitance ot up
to, l ripen lo,0p unit, gam'n frequency compensation is provided by C. which also lirnits the aripliticr
,lc,% rate I he amplifier occupies an area of 0.05 mm. that includes both reset transistors and the cloed
1-p v ir ,diustment cipacitor C

F. OUTPUT SENSING CIRCUIT

urren sen,,iu . rather than voltage, is employed so that a linear transfer characteristic is reali'ed
%kheir the diode cutiotl or surtace potential setting input method is used.' Furthermore. because the ( (I)
,ctiri electrode i, mamntained at A constant potential, a higher charge handling capacit. and hence
dln.irH, rnge. L in he realied than Asith voltage sensing

I he circuIt o I ure 9 illustrates hos. current sensing Is performed on the 1l-ter chip. Fhe technique
req ires the use of , I)( I to sense the signal image charge on the ,, lines differentiall, and pro\ ide a % olt-
. ipc ou lpt. i. cl h\

\',, ll) I i" i !1I'm
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helire Is iste capcitance of' the input metering well of the CCI). C, is the capacitance of the feedback
capacitor. and li are the filter wkeighting coefficients. The CCI) o. electrodes are maintained at a fixed dc
potential hN the 1%s o sitched capacitor resistors," 11 represented by the minimum size capacitor C and the
is' o MOST I I sss itches gated on by tsso nonoverlapping clock pulses, ' and The use of the
ss iched capacitor resistors asoids the reset noise that would be introduced if the resistors were replaced
I)s simple sss itches. In addition, the operational amplifier used does not have to be compensated for unity
gaini internilk hecisc it is nlot reset. NMuch higher bandwidth is possible in this mode of operation.

I hC 111IC chip1 includeIs folur of these output sensing circuits with each I)(I connected to the '

ittehi-.cN from t% d s0(ifferential (Cl) pairs, resulting in a total CCD oxide capacitance on both
.uioIii inputs ot .ipprommiatel\ 85 p[ . To strike ai balance between the size of feedback capacitance(

ii rl cssiiiu -,uon, the IM) Is nasie heen designed to deliver a full 8 V output when 25 percent of the tip',
-LI -, -4 %ties ii h mas1111im I u ni inal present in the ( (1). Ibhis requires a 10 7 p1- feedback capacitor

JO ioi td wii2im 'I 2. or a gmii per tap of 0 03,4

:C" 'cti:ee oui I isincelled h\ a coamplernentars clock and cancellation capacitAnce C, I (I
ciwii c the ILit /cri siviiil. the inplier commnon miode rejection must he greater than 60) dlB. I he tiarai-

kIl 1111CI 1'1ICIMs .L-.ciuei sh each input to the 1)(1I necessitates phase-com pensat ion for a closed loop
11 it I i " 'j ixe e good , gaii: si ,iilit. the open loop gain] must he greater than 1 (ff)0. Operation at I

Vli"!I t.: 1, cl ires trM ialt- inphfier settle in approxinratels 150 ns

\'Ccmorc1 0t 0ie D( I amlplifier is visen itt I-Igure M0 The hias string NIW1 and NI1IX is matched to
hllc'e c! \I, to Ms old %11() to %113, so that the quiescent operating point is, wsell controlled. The

lmii o c ii nr \I 1 and \I02 operates at it Current of, 65 pA. each giving at gain ot* 26 in the first
t oL:I he''na,. c it I'lie drain )f \1 I us fed hack to the tail current source N19 hr the source fol)loss erMs

I" w5 '~ ire;i~cd colirninon ntide rejection and to perform a differential to si ngle-ended conversion in
in. Mii -.1 Lie ItiW-oac lolsVr le'ei hdeT %Ai0to Mll3 provides the correct dc volage to the second

oie lli~~e'tinlt ih1rniuli t[Is ie~el shifter is, rimiziied by the high frequenc< feed forwaird capacitor.

I io: - Ico iL ~e viln 11 4 is realized with an enhanced gain stage. M 19 to M22. About 130 "A
IcW\ hnri'I '0t th the cIide transistor \121) and the current source M21I. \I 27 buffers the second stage

"'Ill tt' o itt)J hller loaid and a portion of' the loss frequency% compensating capacitor. (CV. to
l. hoI thle seconId stave

I heC 1. to A o .U rce folosser operating at 30)0 A of' current to drive a load of' I5 p1-. Additional
orecnt Io ir) , n-id. A , pros ided bs the diode M IS, which also controls the operating point of' the second
W. - ria Iwv lit%,' t "I10 t sless Inri

I lio~:t~ eiii crossoi.er ticquenLcs is 31 \111i and the zero phase margin frequency is IS NIHz. The
* . '.r~ * r.ii, ipi,;er is, sumniart/cd in fable 2.

0. FILTER CLOCKING

I lie titecr lip reqi ircs a total of I1I clocks to perform the variet,, of' functions pres iouslrN described
\it ltitse citlcks irc dens ed ott chip from a single master clock input that operates at four times the

!tei t equecs) \11I clock drivers are included io-chip and are designed to operate at a maximum
-0 siciti Irecoeties, )1 NI \11. l-igure 1) shows the complete timing diagram for the filter chip.

II .. \I ( opchind. I . Rahiin and SI) Rosenbaumn, ''Sanpled Analog filtering ( sing S\%itched
p i aI R~eI t quilts.//i ./ u(I.br i O Vol. S(4-2 (Decembher l9'' pp s,42_SQ9
II IIo,~..R BIronfersen mid 11 R ( ras. "105 Sanmpled D~ata Recursise F-lter% 1 sin~w S itched Capacitolr

Iii uric.. I ,-/ l si, ii, ( iit, u Vol. Si -12 l19771, p 6H)
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TABLE 2. I( (HARACTERISTI(S

Operating Voltages Vi, 15 V
VHH = -5 V

Power dissipation 16 mW
Open loop gain 1,058
Output resistance 544 ohms
Closed loop gain (15 pF load) 6.7
Bandwidth (Gain = 6.7) 4.7 MHz
Phase margin 78 degrees
Gain margin 2.73

The master clock is fed to a generator that produces two nonoverlapping waveforms, Ml and M2,
and two delayed versions of these waveforms, by approximately 40 ns, MID and M2D. The MI and M2
clocks, operate a shift register divider that generates four nonoverlapping clocks QI to Q4. These signals.
M I to Q4, are combined to trigger the clock driver circuits that generate all the other clock waveforms
shown in Figure I1.

The basic clock driver circuit is shown in Figure 12 and has been built in five different sizes to drive
the various loading capacitances, ranging from 10 to 720 pF. All the driver circuits were designed to have
rise and fall times of 20 ns. Power dissipation of the 13 drivers plus the circuitry for generating the wave-
forms is approximately 550 mW at I MHz with a 15 V clock swing.

The driver circuit requires two nonoverlapping signals at its inputs labeled PU and PD for pullup
and pulldown, respectively. Transistor M5 is used to charge the bootstrap capacitor formed by transistor
M8 whose source and drain are tied together to form a capacitor. Transistor M7 pulls up the bottom
plate of the bootstrap capacitor, which provides a large gate overdrive on transistor M 10. allowing the
clock driver to pull the output node to Vn,. Delay of the input pulse applied to node PU is provided by
transistors MI and M3 before it reaches the gate of M7 and M I. This delay causes M7 and MI I to
remain on during the initial part of the rise of the driver output, thus achieving a larger charge on the
bootstrap capacitor and ultimately a faster transition. The clock driver turnoff pulse applied to node PD
discharges the bootstrap capacitor through M6 and after a small delay, pulls up the gates of M7 and M I I
causing the output to be pulled low. The circuit is completely dynamic and draws no dc power. yet it pro-
vides a low output impedance that minimizes interactions between the various clock circuits.

I-igure 13 shows how the various timing signals, MI to Q4, are combined to the inputs of the clock
drivers to provide the pullup and pulldown signals for the drivers. One example of the logic is the o,
driver for the CCD clock. The pullup signal to the driver is obtained by gating MID with QI on the gate
of a series MOSFET. The pulldown command is obtained by using the M2 clock. Note that in all cases
the logic ensures that the pullup and pulldown signals are never on simultaneously.
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Figure 13. t)erivaion of l ock Signal%
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SECTION III

FILTER IMPLEMENTATION AND PERFORMANCE

The deuice %kas fabricated using e-heam generated masks and a standard NMOS two-level
polIsilicon process ith an X0A gate oxide and a minimum feature size of 5 pm. A photomicrograph of
-',c chill identit'vi the %iarious circuits is shown in Figure 14. The chip comprises approximatels 9K

~lic~.in~en id depletion M()0S transistors, and 2,048 surface channel ('CD stages. The chip measures
niar ex h\ 7 4 inim (52.5 inmm' or SOK Mil"). and at I M Hi dissipates approximatel 900 mW.

A. WEIGHTING COEFFICIENT RESOLUTION

[:: ,.,.c,. i l l -,Iefficient resolution of the programmable transversal filter is illustrated h% the filter
1' 1'l.C , porT.L (-eiure 15. In this figure, the device is operated in the 128-stage h% 8-bit mode wAith a

•.,lI . t pthe t sip .+ ight, from -64 to +63. The transition from 00000000 (decimal '0') to 11i I I i (deci-
-- a ,.c:r, it the ecnter o', the photograph. The lack of a discontinuity of slope here. and at other

in: , . ci ies the -hit code resolution. The weighting coefficient resolution of the filter i, further
,cd h, ihe !iller responses of Figures 16 and 17. In each case, a 128-stage filter %. as designed uing

the Prks and NIc( lellan'" finite impulse response filter design program. Figure 16 shows the experimental
.irrd :omputed responses of a 128-stage by 8-bit filter designed to have a bandpass at 0.2 F, Aith
stophands front zero to 0.18 V,. and from 0.22 F, to 0.5 F,. At a clock frequency of 147 kHz. the pass-
hand is at 29.4 klz with the stopband edges at 26.5 kHz and 32.4 kHz. With ideal weighting coefficients,
the stopbands Would have uniform peak ripple at -53 dB. However, rounding to 8 bits results in a
nonuniform stophand ripple as shown in the theoretical response. It can be observed that there is good
agreement between the theoretical and experimental responses, with a stopband attenuation of approxi-
matelv 50 dB, corresponding to a weighting coefficient accuracy of approximately 8 bits or 0.4 percent. If
the tap weight accuracy was much less than this, the stopband attenuation would be less than that
predicted bN theory and the sidelobes in the experimental response would not follow those of the theoreti-
cal response so closely.

Figure 17 shows the experimental and theoretical filter responses for a 128-stage by 8-bit lowpass fil-
ter with a passband from zero to 0.1 F, and a stopband from 0.12 F, to 0.5 F. Again, there is close
agreement between the observed and theoretical responses with a stopband attenuation of approximately
40 dB.

B. DYNAMIC RANGE

In a programmable filter, the dynamic range of each filter configuration varies according to the aver-
age power of the filter impulse response. Consequently, the most meaningful way to define the dynamic
range of a programmable filter is to refer to the dynamic range per tap. This figure can then be used in
conjunction with the value of the peak signal in the filter passband, to determine the dynamic range of
that particular filter configuration.

The dynamic range per tap is most conveniently measured by using the impulse response to deter-
mine the maximum signal-to-noise ratio, measured over the Nyquist bandwidth (zero to F,/2) with a
linear-ty of I percent or 40 dB. Although each tap contributes noise and only one tap provides the signal,
the resulting signal-to-noise measurement is a measure of the peak signal per tap to the dominant noise
source of the I)(I output circuitry. A wideband RMS voltmeter was used to measure the noise in con-
iunction with a lowpass filter having a cutoff frequency of F,/2. The dynamic range per tap was

'1 It Mc( lelkit. I V Parks and t.R. Rahiner, "A Computer Program for Designing Optimum FIR Linear Phase
)iiatil I tiers." I Irapm .hdj, I Ihi'cr,uuom ji. Vol. AL '-21 (1973), pp. 506-5 26.

31



FILTER 128 STAGE
SELECT LOGIC DIFFERENTIAL CCD 8

00 OCI x 4

CCD INPUT
LOGIC-CHARGE

AMPLIFIERS

INPUT SIGNALSUMN

CAPACITORS

DIGITAL SHIFT-BFFR

CLOCK LOGIC MICROPROCESSOR

AND DRIVERS INTERFACE

FIGURE 14. pHOTOMICROGRAPH OF THE 1,024-STAGE PROGRAMMABLE TRANSVERSAL FILTER

32



i LtIr. I S. I i1vr I[ilIpuIt sW.,ponii, I r aI nigt' ,i Ih L, I a i I!' l it, rom -t4 ito +63

determined Io ne appr, suniiatels% ; dB. corr' pondinv to a peak R\1S signal per tap ol 44 mV and an
RMs noic %oltage of 2 u\ Jl. or Im\ measured over a 5O kili handsAidth. I 2. The processing gain
per tap orrc,, ind to ) 125 compared \ ith a calculated value Of 103

f row ,i knoMledee ot the dsnaiiic range per tap and the peak signal in the passhand. calculated
iinv the filler de,;i n program. the dynamic range of the handpass tilter is 00 dB and the lo pas i, 4,S
dki Ihese ti ures have heen confirmed h\ direct measurements on the filters. The maximum dnamnic
ranle O! the proL'ratmtmahle filter is realized when a square-wase sequence is correlated with a square %%ase
(if I,ir %epht, In thiscase. the output DI can he saturated and a dsinamic range of- dB reahied

C. CODE DEPENDENT OFFSET

\s di1,cused in Section 1, a primary requirement of an programmable iter is the elimination o;
code dependent offset. The approach described in this report for implementing the programmable
iranstcersal filter ensures that the only contribution to the offset is from variations in fat zero charge and
sampling electrode capacitance. Therefore, a useful test to determine the dependence of the output dc level
to code changes is to inject a fat zero charge and change the code from all O's to all I's.

\With a code of all O's. none of the fat zeros are sampled under the t:,, electrodes, and therefore, the
output dc lesel is determined only by the biasing conditions of the DC-Is. With a code of all I's, every fat
/cro is sampled and any imbalance between the +ve and -se CCD channels will be reflected as an offset
in the output dc level. Figure 18 shows the results of this test performed on a device operated in the
512-stage bhs I-hit mode. The two center traces are at a scale of 50 mV 'division and are the dc levels at
the output of the device for all 0's and all i's code. Thus, for a code change from all I's to all O's, there is
a code dependent offset of approximately 50 mV. Several other codes were loaded into the device sith
none of them causing the output dc level to change by more than 50 mV from the all O's reference level.
These results indicate not only good matching between the +ve and -ye CCD channels, but also good
gain matching between the ciarge amplifiers at the end of each 128-stage CCD register In the 512-stage
mode. each charge packet passes through three such amplifiers. The remaining trace in Figure 18 is at
IV division and represents correlation of a square wave with the all I's code, causing the DCI output to
clip
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D. CHARGE TRANSFER BETWEEN REGISTERS

I tic pi- lorinince of the serial charge-to-voltage-to.-chargecon\ ersion circuitry, used in six of the nine

* ilc ont ii.1ritwis. is Illustrated in Figures 19 and 2(1. Figure 19 shows the dc transfer characteristic of'

!\o .i.frII2x-st.i: delay lines incorporating two conversion stages. The characteristic illustrates the

ii \crittic iiki rc of the conversion scheme and clearly shows at dc gain close to unity: dc unitN gain is vital

I Ci liii i0lIC full ;1L operating range of cascaded filters. approximately 3.5 V peak-to-peak.

I Lcaro 20ai sh,s~ the device output after the input signal has passed through a single I 28-stage filter

Iih ac cliiet- laeconversion: the through gain is approximately 0.98. Figure 20h sho~ks the

dvc sc ope ruied in the 1.124-stage by I-hit mode wAhere each charge packet has undergone eight

Wlcroeii IHere. the total through gain is approxitnately 0.6. corresponding to a conversion gain stage

,-1 1) to e; Itkctr. in addition to signal attenuation due to serial conversion, this figure includes significant

\II 1lcvr.idationii resulting f'romn charge transfer inefficiencN WTI11. For 1,024 stages. at CTI of 4 X

ii ' tr~inslcr produces an if product of 1.23. The effect oif nonunity gain charge conversion is a reduction

III d\ im.ii range. hossever. f'or the values of conversion gain measured. within approximately 2 percent of

titi ti io a secoind iirder effect compared to CTI.
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E. MATCHED FILTERING

An important class of applications that the general-purpose transversal filter is well suited to is cor-
relation detection or matched filtering. In these applications, the waveform to be detected is the time
reversal of the filters impulse response. The waveforms for correlation may be either pseudonoise (PN)
sequences, in which case the weighting coefficients are + 1, 0 or -1; or chirp waveforms where multibit
resolution of the tap weights is required. Previously reported binary/analog correlatorse have only been
suitable for realizing PN sequence matched filters since they only possess single-bit accuracy. The pro-
grammable resolution feature of the binary/analog filter described in this report makes it suitable for
matched filter applications with both PN sequences* and chirp waveforms. An important application of
hinar% sequence matched filtering is in spread spectrum communication systems. These systems provide
secure communications such as in the Global Positioning Satellite (GPS) system. The GPS system requires
%er, long PN sequences, up to 1,024 stages, to obtain large time-bandwidth products to produce high
processing gains required for worldwide, high resolution, navigation, using weak signals transmitted from
satcllites. Chirp Aaveform matched filtering has important applications in radar and sonar systems. The
chirp %avefortn is used such that the transmitted signal energy is time compressed into a single output
peak. the degree of compression being directly proportional to the time-bandwidth product of the chirp.

Iigure 21 illustrates the device operated in the 1,024-stage by I-bit mode and matched to an arbitrar-
ik generated binary sequence. Figure 21a is the experimental response and Figure 21b is the computed
response taking charge transfer inefficiency (CTI) into account, see Subsection III.E. In this mode, and
%kith the device operating at I MHz, the filter performs over 10' I-bit multiply-and-add operations every
Necond. Sequential digital implementation would require a multiplier having an internal clock rate of over
I (1l.

I igUres 22a to 22d show cosine chirp matched filter responses when the device is operated in the
2'5-stage b 4-hit mode. Figure 22a shows the impulse response of the cosine down-chirp filter, and Fig-
ure 22h illustr.itsc the response of the filter when matched to a cosine up-chirp input signal. Figure 22c
shos the theoretical characteristic assuming perfect CTE. The experimental response when the weighting
cocificients have been corrected to account for CTI is shown in Figure 22d.

F. CHARGE TRANSFER INEFFICIENCY EFFECTS

Fhe effect of charge transfer inefficiency is most noticeable in matched filtering applications, causing
a rCduction in the correlation peak-to-sidelobe ratio as illustrated by the 1,024-stage binary sequence
responses of F-igure 21. Figure 21b is the computed response taking into account the measured CTI of 1.2
X 10 s ,tage This response was computed by using the value of CTI to calculate the distorted tap weight
coefficients. Iquation 10, and then using these weighting coefficients to perform the convolution sum
digitall).

nI

h' = hn  ( I E)n + hE 11 ( J(0

A comparison of Figures 21a and 21b indicate close agreement between the experimental and theo-
retical responses. Figure 21c is the computed response for a device with perfect CTE. This clearly shows
the (eleterious effect of CTI on such a long surface channel matched filter.

* I, realuie a matched filter with bipolar tap weights, the device must be operated in the 2-bit mode, since single-bit
,)rcrato(n results in coefficients of + I and 0. For example, a 512-stage PN sequence matched filter is realized by oper-
,iItn the device in mode 2: 512-stages by 2 bits.
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vs (C I- effectively alters the value of the filter weighting coefficients. it can he compensated h, pro-
aramning the de,,ice with modified tap weights that invert the dispersion caused hb CTI. +' These modified
tap kseghts can he calculated using Equation II.

n I

Z h I (V

Ii' = I* ln

I his technique is illustrated in Figure 23 where the top trace shows the device impulse response for a
codc that alternates between pairs of + I and - I coefficients, with no correction for CTI. The effect of
( 11 is to distort the response, a distortion that gets progressively worse as the charge packet traverses
dov in the ((). The bottom trace is the impulse response of the filter with weighting coefficients that
account for the signal dispersion caused by CTI. The filter response is now virtually ideal.

(learl., this technique is most effective when filters with multibit resolution are implemented. For
caniple. the corrected response of the 256-stage by 4-bit chirp matched filter, Figure 22d, is close to the
computed response of Figure 22c, which assumes perfect CTE. However, even in applications where the
desice is used as a binary sequence matched filter, correction for CTI can improve the correlation
response. This is illustrated in Figure 21d where the device is used as a 1,024-stage binary sequence
correlator with corrected tap weights. Although this response differs from the ideal response of Figure
2 Ic. the correlation peak-to-sidelobe ratio is clearly improved over the uncorrected response of Figure 21a.

The ability to invert the dispersion caused by CTI in a programmable transversal filter has important
implications. Since the length of a chirp or binary sequence correlator is not seriously limited by CTI, very
long filters can be designed to realize high time-bandwidth products, and hence large compression factors.

Electronic programmability of transversal filters not only permits modification of the weighting
coefficients to account for CTi. but with the use of a microprocessor. allows any ideal response to be
realiied. In such a system, a microprocessor would compare the filter response with that of the desired
response and apply the necessary correction factor to the weighting coefficients. This is the principle of
adaptie filtering, hut can also be used to compensate for filter inaccuracies.

"D1) I) Buss and %k Ii. Baie-. "Applications of Charge Transfer Devices to Communication," Pro, In (,ow on
I) i1'p/t, ali,, ((I) 197 1. p 8 -91
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-f



SECTION IV

CONCLUSIONS AND DISCUSSION

This report has described the architecture, design and performance of a general-purpose. 1,024-stage,
elcctronically programmable transversal filter. This powerful, yet versatile, monolithic analog signal
processing system has been realized through innovative techniques for performing programmable
veighting and digital analog multiplication, together with the integration of a high level of both analog
and digital support circuitry. The versatility of the device/system has been illustrated by its application in
trequCncl filtering. where short, multibit resolution filters are required, and by its use in binary sequence
matched iltering, where very long, single-bit precision correlators are necessary.

In the early 198Os, military signal processing systems will require chip performance in excess of 10'
gatc ltort/: this figure corresponds to the goals of the VHSIC program. For certain applications, program-
mable transversal filters, under digital control, realize these goals today. For example, the device described
in this report has a signal processing figure of merit of 2 X 10'' gate-Hertz. Although in the future, digital
VL.SI \ill undoubtly have a significant impact on signal processing there remain a number of applications

here monolithic analog techniques possess an inherent advantage over digital methods, both in terms of
throughput speed and number of functions per chip. Such applications are structured signal processing
operations. such as scalar product operations, multipoint Fourier transforms and matched filters. These
classe,, of functions are not well suited to digital methods, since they require groups of fast multiplications.
l)igital techniques require the use of dedicated fast parallel multiplier networks or serial processing. The
former leads to increased system complexity and power dissipation, while the latter prevents real-time
Minalsis. a ital feature in antijam communications. By combining digital and analog devices in a single
processor, these problems are eliminated while high throughput and minimial system complexity is

c.hiee. [or enample, when the device described in this report is used in conjunction with a Z80A
microproces,,or. the throughput of a 128-stage by 8-bit finite impulse response filter can be increased
]il1)t) times o er the Z/.A alone, while system complexity and power requirements increase no more
that I percent.

If ihe Luture, as V1 SI techniques develop, it can be expected that the sampling rates of electronically
pr,,er.i iihle transersal filters will increase, probably to the order of 10 to 15 MHz. However, to main-

,n i vccril-purpose architecture at the higher throughput rates, a number of new approaches will be
cwi re I or e ,mwiple. , chiee satisfactory charge transfer efficiency, >0o.9995. buried channel CCDs.

1),( I ) AfI hc required This rules out the use of the transversal output architecture since the
",.le<:, ~c i,trgc sensing techniques are nonlinear with BCCD structures: i.e.. multibit weighting

I rCs,,lit,,1 i i 'Id not he realiied. Furthermore, it is unlikely that on-chip differential amplifiers
..... r " l io settle quickl, enough at the higher sampling rates. The same is true of the circuitr,

..- '. c erl.ll .hairge-to-s iltage conversion \ more attractive approach is the programmable binary
i'':Cr..tI 111plo filter, since high-speed two-phase B(''Ds can be used in conjunction wtith

h iicl mpinpts hir high hnearit\ rhe major disadvantage v.ith this scheme is the increase in actixe
S.... rcd i i he transsersal output architecture. Hfigher speeds %&ill undoubtlv require some form of
k . \1()s procss to reduce power dissipation tlowever, even Aith CMOS, it is unlikely that on-chip

1,, 'r- ,il l tic hlc c \nother problem area is signal acquisition at the output of the filter \cquisition
t *),jli lust iike plce within a maximum of half a clock cycle: at a 15 M it sampling rate this is

.p \i ii, .cl () ,is Io achieve this sampling rate, a sophisticated off-chip sample-and-hold L rcuit. or
.,h om crier Aill he required Both these approaches are expensive and will dramaticall, increase the

'~'icqmrelnells ot the s stem,

45
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The realization of the next generation of general-purpose. electronically programmable transversal
filters requires the solution of a number of complex and interrelated circuit problems. If these problems
can be solved, the result will be a sophisticated analog signal processing system that for a number of
applications will possess inherent advantages over an all digital VLSI approach.
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APPENDIX A
OUTPUT VERSUS INPUT SIGNAL WEIGHTING

Ns "sas mentioned in Section 1. input signal weighting is simpler to implement than output
ciirh1tinil. hut suffers front a d\ natnic range limitation, which can he estimated as follows;

* Vs oth input ss eieghiinp. the sit'nals into the eight filters are weighted hv factors of 1,''~.~'i

*0 ( olaredl \sithI the sien al in the \I SB filter, the total signal into all eight filters is increased hv a

0 01Cui IWIe Iie nsC.ich filter is fixed, the noise power increases n a factor of K over that of

0 1 h1C sie'.( icciss h\ 20 bcv, 2 = 6 dli. ss hereas the noise increases hN IIO loyg, A~ = dBi witn
rc:,ll it at '11C d\s i11Lti range is idegraded hN 3 d B over that ot a single filter I his i,, noit

itiriieLl Irk isC;1,ils. Nit it renresents a i 2 d B degradation over the dy~namnic ranize that m5ould
Ie ictt-ciith ciL,1ht ilters in parallel. ill OPLIatinw. with unattenuated signal. hecatuse the

ci..r te K ~htfilters III parallel is '4 (11 greater than that of' a single filter

i" 1\01i MtIN 1:.i1n, ratw' e degradication, the analog sila snould he applied anattenuated to the
teilci ipot. .ri lie sC %Civtln sthould he alter Lonvolution [his ssould require eight [( Is, however. I o

01 t Iics!'ll 11 itI Per-inn the ues ice as a qjuad 256O-stage hv I-hit filter or as a quad I 2h-stage hv
t'l 17 1 i -. I ll 1 'v e IOir D)( Is. hut not eight.

l ie -e. :, r,, irc aichiie ~c tl-ivure 2 of' the Itial Report) uses four [)(is h\ performing some
lie i Nintaitj ot tn feilters. This result' int a dynamic range that is 0,.5 dB greater than that of

!lic:.e hut 2 SJ less than !te dvitariQ ranize ,hatl would result it the signal was applied
,it vt. ied i to tit l nc is ninlic rainge degradation of the configuration of L igure 2 is not signift-
1:; 11) t (il0C :101 Wisti Is the alddition li circuit complexit, i(eight D( Is instead of four) required Lo per

'~~~~ il, se 11 h ut it

M=XM14~j -PAM 1~4OT1Z~
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APPENDIX B
FILTER PIN-OUT AND OPERATING POTENTIALS

The filter chip is bonded in a ceramic 64-pin DIP and at I MHz dissipates approximately I W with
the case temperature reaching approximately 40

0C. All pins labeled N/C should be returned to either ana-
log or digital ground (AG/DG), as shown in Table B-I. A total of ive external bias levels are required;
these should be decoupled at the device pins and made variable for maximum flexibility.

Table B-2 shows the various input and output signal connections as a function of the filter configu-
ration. For example, if the device is in the dual 128-stage by 4-bit mode, one input signal is connected to
pins II and 13 while the other signal is connected to pins 15 and 17. The output signal. corresponding to
the two separate filters, appears on pins 44 and 42. respectively.

Strobe from
Mi croprocessor

(Pin 39)

Strobe Return 4
from Chip Lhip Busy Chip Ready for New WC Data(Pin 31)

Load L ne *8 Loaded
(Inter nal )

CI

Hold Line e
( internal )I I

Figivre fl-I. ('ip/Mlerooe tor HanmdslaknIg for

Weigbitlql Coefficket Dai Loading

SII --- -- 3 C"I m

-PWR



FABLE B-I. FILTER PIN-Oil ANt) OPERATING POTENTIAL.S

Pin Function Operating Voltage

I Substrate bias -5 V

2 Mode code. input 1) 0 -+5 V
I Mode code, input C 0 -+5 V

4 Mode code, input B 0 .+5 V
Mlode code. input A\ 0 -+5 V
Mode code latch strobe 0 *+5 V'

A6

I I \naloi input St 0t .+5 V on +5 V bias

% Nt A G
\nvilove 11put S2 0 *+', V on +S V bias

\iviloe input S.1 0 -+5 \ on +5 V bias
N ( AG

- \nialo? input S4 0) -+S V on + 5 V bias

Ii 1it /ero level. V, 0 -+ 15 V, dc bias, -12 V

f0 *+15 Vdcbits, -7 V
N C AGi

(0 -+5 V. dc bias, -2 V

-0 1--5 V.dchias. - 13 V
NC AG

-\nailog ( ,

71 \ islt clck0.+ 5 V

AG

Output Clock output from chip. (0.+I V
P, oupu Clock output from chip. 0 15 I V

(4 , Output Clock output from chip, 0(15I V
Digitail V,, + 15 V

Output strobe to microprocessor 0 *+ 5 V output'
Is IOS to TML interface Vt +5 V

19 Input strohe from microprocessor 0 *+5 V input,

401 (C) 9' serial output 0 -+4 V output on 7 V dc bias'

41 N C AG
42 I-mIter B output 0 -8V output on 7 V dc bias
41 N C AG

52



IABI.E B-I. FILTER PIN-OUT AND OPERATING POTENTIALS (Continued 1

Pin Function Operating Voltage

44 Filter A output 0 .8V output on 7 V dc bias
45 N ( AG

40 (C) 9 serial output 0 .+4 V output on 7 V dc bias'
47 Digital reference code I/P 8, LSB 0 .+5 V input'

48 Digital reference code I 'P 7 0 .+5 V input

49 )igital reference code I P 6 0 -.+5 V input
51 N C AG

51 l)igtal reference code I P 5 0 .+5 V input
5 l)igital reference code I P 4 0 .+5 V input

)igttal reference code I 'P 3 0 ++5 V input
,4 N ( AG

55 l)igital reference code I 'P 2 0 .+5 V input
N C AG

57 Flter ) output 0 .8 V output on 7 Vdc bias
4, N C AG
59 Iilter C output 0 .8 V output on 7 Vdc bias
(All N C AG
I1 \nalog \"', +15 V

(,2 A\natog (i-, 0 V
(3 X H1, 0 .+ 15 V, dc bias, -7 V.

64 Digital reference code I/P I, MSB 0 .+5 V input.

I lc filter include, kitche, for holding the mode code. For manual selection of the filter, mode pin 6 should be
kept it +" , \\ heni using a microprocessor for mode control, the data on pins 2 to 5 must he valid until after the
ir,ohc puke on pin In hi, gonc lo", t V

Shc ,-.hrp microprocessor interface is triggered by a negative-going edge i5 .0 V) on the input, pin 39. As soon
, l this cde o.Iur,. the return from the chip. pin 37. goes high, representing a bus_ signal. When this line returns to
S!,',%. thc dwlitai reterence code present on pins 47, 48. 49, 51. 52. 53. 55 and 64 has been loaded into the shift

rc, cr. I tic ,hipll microproicessor handshaking is shown in Figure B- I
I r" ,v iiak in pin, 40i and 46 ire the corn plenientari, serial outputs from the last tw in delay lines.
tic ihitiI rclcrcncc code is inserting. -\ code of I causes a long ,, pulse, corresponding to a weighting coeffi-

'I , ' 01c Oft 0 .i isC s c short ., pulse. corresponding to a w,,eighting coefficient of I
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TABLE B-2. INPUT AND OUTPUT SIGNAl, CONNECTIONS
AS A FtNCTION OF ILTER CONF(;IRATION

Analog Input Signal Filter Output

Signal Name SI S2 S3 S4 A B C 1)

Pin Number II 13 15 17 44 42 59 57

Filter (onfiguration Interconnect

I x 1,024-stage h I bit SI

I x 1 2-stage h, 2 hits SI

I x 25--stage hs 4 hits I I with 15 SI

I 12x-stage hN 8 hits . All inputs SI to
S4

2x I"-,tage h% I hit l Iand 15 are SI $3
•eparate inputs

2 x 25t-stage h% 2 hits SI S3

X 121-stage h 4 hits II with 13, 15 with 17 SI S1
and and
S2 S4

X 25f,-state h% I hit ,\]I inputs sepjrate S3 S4 St S2

4 x I1--stage h\ 2 hits S3 S4 SI S2
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APPENDIX C
EVALUATION CIRCUITRY

Ihe c aluation circuitr comprises two hoards, one analog the other digital, as shown in Figures C-I
and (-2. respectiselN. rhe test equipment can be operated in two different modes, either in a standalone
mode or In COTnJUnction with a minicomputer system. In the standalone mode. the filter can be operated in
ti~k configurations. 512 slaves hs 2 bits and 128 stages bN, 8 bits. with weighting coefficients loaded into
the dcx.ice from onhoard I F'ROMs. When the circuitry is interfaced with a minicomputer, the device can
h, operated in all nine mnodes.

[h e ,nalo, circuit r of' Figure ( -I consists of a network of switched unity gain buffers that provide
.inilog input sienal level shifting. [he SD5000 FET switches SWI to SW9 control the routing of the ana-
h0,2 npu! signals t) the chip (Table (-I) according to the mode of operation selected by panel switches or
,I microprocessor command. [he outputs from the chip (A, B. C, D. CCD8', CCD8 ) are buffered by
unisN gin anplifhers /12 to 117. Switch SI in conjunction with SD5000 FET switches permits selection
of , ,ampled and held version of any one of the A to D outputs. The sample-and-hold circuitry, located
on the digitil board. allows adjustment of the output dc level and the sample pulse width and position. In
addition t, the snample-and-hold circuitry, the digital board includes circuits for timing and synchroniza-
tion. x.eighting coefficient loading, and binary sequence loading (Figure C-2). The clock generation cir-
citr\ consists ofI a one-shot. /I. whose output is divided by 2: this is used as the chip master clock. A
d1x idCd h\ 4 version of the master clock, locked to (,, is used to synchronize the binary sequence loading

A. STANDALONE OPERATION

I0o use the test circuitr' in the standalone configuration, the mode of operation switch, ST3, should
he et to internal and the filter select switches set to either the 128-stage by 8-bit mode or the 512-stage by
2-hit tnode lie %%eighting coefficients for the appropriate filter configuration are loaded into the device
rom the I-TROM. Zi0, when the load button is depressed. The binary sequence data. used for the analog

sinal input in the 512-stage b 2-hit mode, is stored in the EPROM Z6. and is addressed as long as
,, itch S I Is in thc internal position. This data is fed to the input of the filter via switch ST2. When the
dc ice is operated in the 12,-stage h 8-bit mode, switch ST2 should be in the external position and a sig-
na applicd to in, one of the analog inputs SI to S4. The onboard EPROMs contain codes for a 128-
stac hx s-hit narrox% handpatss filter, as detailed in page 31 of this report. and a 51 I-stage M-sequence
L'ti tor UsC In the S( 2-smae hs 2-bit mode

S. COMPUTER-CONTROLLED OPERATION

I he test equipment carn he interfaced with a computer by means of the connectors J I and J2. J I is
coInCcted to hits () to 7 and to the computer interrupt line. pin 5. J2 is connected to bits 8 to 15. These
Imes perfornm the tollikmni lunctions

its (I to 7. vemhting coefficient data

Bits 11 to ;. filter mode select

Flits ( to ), hinary sequence RAM address with bit 10 for the strobe

Bit 1). serial hinary sequence data to RAM. I II

FBit 10. Iod address command

Hit 12. %%rite enable for R,\M
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TABLE (-I. TRUTH TABLE FOR OFF-CHIP INPUT LOGIC
Filter Configuration SWI SW2 SW3 S%4 SW5 SWt6 SW7 SW8 SW9

I X 1.024-stage bs I bit I D/C I D/C I D/C 0 0 0
I X 512-stage b% 2 bits I D/C I D/C I D/C 0 0 0
I X 256-stage by 4 bits I I I I I I 0 0 0
I X 129-stage b, 8 bits I I I I I 0 0 0
2 X 512-stage b% I bit I D/C 0 0 D/C 0 I 0
2X 256-stage b 2 bits I D/C 0 0 1 D/C 0 I 0
2 X 12X-stage bN I bit I 0 0 1 I 0 I 0
4 X 256-stage hb I bit 0 0 0 0 0 I I 1
4 X 12x-stage b% 2 bits 0 0 0 0 0 0 I I I

I = , itch closed
1) =,"itch open

I) ( =don't carc

Bit 13, enable RAM address counter
Bit 14. input strobe to I)UT

Bit I5. mode select strobe.

The following paragraphs detail the sequence of events for operating the test circuitry in conjunction
i,%ith a computer.

I. I.oad Filter Mode (ode

Set the mode data on bits 0 to 3 with bit 15 low. Strobe bit 15 high, then low. The positive transi-
tion of the strobe loads the data into the latches.

2. Load %eighting Coefficient Data

Set input strobe. hit 14. high and then place data on bits 0 to 7. Take input strobe low and monitor
the interrupt line on pin 5 JIL When the line goes high, the DUT has recognized the data (Figure B-I):
"hen the line returns to a low state, the DUT has accepted the data and is ready for the next word. This
process repeats a total of 128 times.

3. Load Binar, Sequence RAM

Set RAM address on bits 0 to 9 and set bit 10 high; this loads the data into the counter. Place the
firt data hit on hit 9 and then strobe bit 12 low and then back to a high. This loads the data bit on bit 9
into the RAM. -his process is repeated until the binary sequence data is loaded. The binary sequence is
read out continuousl, by setting bit 13 high. Note, the binary sequence RAM can only be used with the
deice operated in single-bit precision modes: i.e.. 1,204 x I bit, dual 512 X I bit and quad 256 X I bit.

C. BOARD LAYOUTS AND POWER REQUIREMENTS

Itgures (-3 and (-4 show the component layouts of the analog and digital boards, identifying the
,,iroLN tc bias leei controls.
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R5 V 7 Z 20 Z21 Z22

z9 R4 m" 1 vDREL
Q1 R3 '-- 3

C3R2 2

zD oz, 10 II
Z16 0O/P b

Op \Z7 z#

Z i Z2

E I

7;. 'ZZ, 5, z7 1
Z , Z10, Z11, Z12, 213 LM318
z14, Zi5, z16, zi7
Z3, z6, z. z18 - SD50UO
10 - 74LS244

Z20 - 7454
721 - 7404
Z22 - 75365

Figure (-3. Analog Board L.amou
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z15 Q5

Z32
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Z2 26 Z 7Z28 i-

25 20 ZR 7417

R511Z31
Z! 722 - 11 3 Z16 - 74174

Z?, 7 , Z1 - 1474 Z17 - 7412
Z1 ,78 Z/4161 18 - LM318
/1,', Z14 Z22 - 7400
Z(, IO - 2516 Z23 - 74126
;"I /40? Z25 - 7404

- /430 Z26, Z29 - 470 Resistor PAC
Zll - :115 Z30 - 74123

715, 72/, Z28 -14LS244 Z31 - LF356
Z32, Z33 - LM318

Figure (-4. I)igilal Board I.ayout
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The test equipment requires the following power supplies.

+ 15 V, 100 mA. filter analog circuitry

+ 15 V. 100 mA, filter digital circuitry

+15 V. 200 mA. test box circuitry

-15 V, 200 mA, test box circuitry

+5 V, 900 mA, test box circuitry

-5 V, 100 mA, filter circuitry.
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